Abstract: This paper presents the design of a surgical knife device for a multi-fingered haptic interface robot called HIRO, and summarizes the experimental results. HIRO consists of a robot arm and a five-fingered hand, and is able to handle the tool with fingers. A variety of tools can be attached to HIRO, and the system is therefore able to present the force sensation of many tool-type devices. For example, in medical training, there are many different shape and usage tools, so a haptic interface that can present the force sensation for many tools will be important for virtual training systems. This paper particularly focuses on the connection between HIRO and a tool-type device. By introducing a performance index, a tool-type device (a surgical knife device) for HIRO that satisfies a certain kind of optimal connection has been developed. Further, several experiments were carried out to investigate the performance of the developed surgical knife device. These results correspond to a display of high-precision force.
INTRODUCTION
It is possible to communicate with the virtual environment via a haptic interface. An operator of the haptic interface can feel force sensations from the virtual environment, and further, the operator can provide force and position information to the virtual environment. Unlike the traditional interface using visual and audio cues, the haptic interface is unique, as it provides a bidirectional interaction between a human being and the virtual environment (Hale and Stanney [2004] , Hayward et al. [2004] , Hannaford and Okamura [2008] ). Therefore, the haptic interface is a key input/output device for communication with highly realistic sensations and has been used in many application areas.
One of the application areas of the haptic interface is medical training and evaluation. During surgical training, medical doctors use various surgical tools such as scissors, surgical knives, and syringes, and they must train with these tools to master specific procedures or technique. However, it is neither easy nor safe for this training with surgical tools to occur in the real environment. Because of these challenges, a training system that uses virtual reality and a haptic interface technology has been researched aggressively. With the construction of a virtual training system, training can be safely carried out and a trainee can practice in various situations that might not be able to be experienced in the real world. Further, the results of some studies indicate that such a system could increase the skill with which real surgery can be performed (Seymour et al. [2002] ) and contribute to the learning of real motor skills (Youngblood et al. [2005] , Morris et al. [2007] ).
Based on the above, many researchers have been developing tool-type haptic interfaces, which involve scissors, surgical knives, syringes, and others, for use in some objective task (Okamura et al. [2003] , Greenish et al. [2002] , Webster III et al. [2005] , Wakamatsu et al. [1999] , Honma and Wakamatsu [2004] , Bielser and Gross [2000] ). By using the tool-type haptic interface in the virtual environment, an operator is able to carry out virtual training while feeling force sensations through the tool-type haptic interface. However, these tool-type haptic interfaces present the force sensation of the corresponding single type of tooldevice. To present the force sensations of a variety of surgical tools, many tool-type haptic interfaces are required. Providing many tool-type haptic interfaces requires installation locations and costs a great deal. For this reason, we have previously developed a haptic system that presents the force sensations of a variety of surgical tools ). This system consists of a multi-fingered haptic interface named HIRO and numerous tool-type devices, including a surgical knife, scissors, and syringe. HIRO has five haptic fingers and handles the tool-type devices with the haptic fingers. Plural tool-type devices can easily be attached to and removed from HIRO, and the system is able to present the force sensations of many tool-type devices. HIRO does have five haptic fingers and thus it is a multi-degree-of-freedom system. We therefore must consider how many haptic fingers are necessary to be connected to the tool-type device with HIRO, and which haptic fingers should be used for the connection. In the connection between HIRO and the tool-type device, we previously considered the working space, but we did not technically clarify the optimal connection between HIRO and the tool-type device. This paper introduces a performance index between HIRO and the tool-type device, and, based on the performance index, a tool-type device that satisfies a certain kind of optimal connection between HIRO and the tool-type device has been developed. More specifically, a surgical knife was developed as the tool-type device. Further, experimental investigation of its performance was presented. This paper is organized as follows: In the next section a multifingered haptic interface robot, HIRO, and our previous tool-devices for HIRO are introduced. Section 3 presents the performance index and newly developed surgical knife, which was designed based on the performance index. The experimental results described in Section 4 demonstrate the high potential of our system. Finally, Section 5 presents our conclusions.
FIVE-FINGERED HAPTIC INTERFACE ROBOT AND PREVIOUS TOOL-TYPE DEVICES

Five-Fingered Haptic Interface Robot
The authors have developed multi-fingered haptic interface robots that are placed opposite a human hand, including HIRO (Kawasaki et al. [2003] ), HIRO II + ), and HIRO III (Endo et al. [2011] ), which is shown in Fig. 1 . HIRO III can present three-directional forces at an operator's five fingertips. The specifications for HIRO III are shown in Table 1 . HIRO III can be briefly summarized as follows.
HIRO III consists of an interface arm and a five-fingered haptic hand. The interface arm consists of an upper arm, a lower arm, and a wrist. The interface arm has 3 degrees of freedom (DOF) at the arm joint and 3 DOF at the wrist joint. The interface arm, therefore, has 6 joints allowing 6 DOF. The haptic hand is constructed of five haptic fingers. Each haptic finger has 3 joints, allowing 3 DOF. The first joint relatice to the hand base allows abduction/adduction, while the second and the third joint allow flexion/extension. The total DOF of HIRO III is 21, and its working space covers VR manipulation on the space of a desktop. Further, a three-axis force sensor is installed at the top of each haptic finger. To manipulate HIRO III, an operator wears a finger holder, which is shown in Fig. 1 (b) , on each of his/her fingertips. The finger holder has a steel sphere, and the haptic finger has a permanent magnet at its fingertips. By means of the magnet force, the finger holder can be connected to HIRO III, as shown in Fig. 1 (a) . Here note that the sphere, which, when attached to the permanent magnet at the force sensor tip, forms a passive spherical joint. Its role is to adjust for differences between the human and haptic finger orientations. Hereafter the multi-fingered haptic interface robot is described as HIRO.
Previous Tool-Type Devices for HIRO
Fig. 2 shows our previously developed haptic interface that presents the force sensation of plural tools using HIRO.
As tool-type devices, a surgical knife, scissors, and syringe devices were developed. As an example, Fig. 3 shows the surgical knife device. To connect a tool-type device to HIRO, the steel spheres are installed in the tool-type device as shown in Fig. 3 (b), and it is easy to exchange the plural tool-type devices using the permanent magnet of the haptic fingertip of HIRO. HIRO has the force sensors, motors, and encoders, that are required to create the force sensation, and thus the tool-type devices only require a structure similar to that of the real tool. 
NEWLY DEVELOPED SURGICAL KNIFE
HIRO has five haptic fingers and is a multi-degree-offreedom system. It is therefore a big challenge to consider how many haptic fingers are necessary to be connected to the tool-type device with HIRO, and which haptic fingers should be used for the connections. Technically clarifying the optimal connection between HIRO and the tool-type device is important with regard to presenting the operator the force feeling through the tool-type device. This section describes our development of a surgical knife device in relation to a mobility and performance index. For simplicity, the interface arm is not included in the analysis.
Connection Analysis by Mobility
We now analyze the number of haptic fingers necessary for HIRO to have connected to the tool-type device. The mobility index M is given by
where n is the number of moving links, m is the class of the joint, and J m is the number of joints of class m. Further, for the typical joint, the class of the joint is defined as follows: the class of the revolute joint is 1, the class of the prismatic joint is 1, and the class of the spherical joint is 3. For more details, please see Megahed [1993] .
Haptic fingers and a surgical knife make the closed-loop link mechanism, and thus the number of joints does not correspond to the degree of freedom of the overall system. In this case, the mobility index M implies the degree of freedom of the overall system, and the following fact is trivial: the active joints' number D that requires controlling all degrees of freedom of the overall system must satisfy
(2) Further, the mobility index M must satisfy M ≥ 6 because the surgical knife is 6 DOF. Haptic fingers and a surgical knife device are connected through the passive spherical joint described in the above section. Therefore, to support the surgical knife with the haptic fingers, two or more haptic fingers are necessary. When the surgical knife device is connected to HIRO with two haptic fingers, the mobility index is M = 6 because of n = 7, J 1 = 6, J 2 = 0, J 3 = 2, J 4 = J 5 = 0. At this time, the active joints' number is D = 6 because two haptic fingers are used to hold the device, and thus (2) is satisfied. However, to draw the virtual surgical knife in the VR environment, the position and orientation of the surgical knife device are required. The haptic finger has encoders at the joints, and the joint angles and the tip position are obtained. In this case (two haptic fingers are used), we cannot solve the forward kinematics, which determines the position and orientation of the knife device from the positions of two haptic fingertips. In contrast, when the device is connected to HIRO with three haptic fingers, the mobility index is M = 6 because of n = 10, J 1 = 9, J 2 = 0, J 3 = 3, J 4 = J 5 = 0. At this time, the active joints' number is D = 9, and thus (2) is satisfied. In this case, we can also obtain the geometrically determined position and orientation of the surgical knife device from the position of three haptic fingertips. Although (2) is satisfied when the haptic finger is 4 or more, this paper uses three haptic fingers, which is a minimal number, at the connection.
Kinematics
To consider the connection by introducing a performance index, we first consider the kinematics of the overall system, which is illustrated in Fig. 4 . The system consists of three haptic fingers and a surgical knife, in which the ith haptic finger contacts the surgical knife at point C i . The coordinate systems are defined as follows: Σ b is the base coordinate system, Σ tool is the object coordinate system fixed on the surgical knife, and Σ Fi is the i-th fingertip coordinate system fixed on the i-th haptic fingertip. In addition, the following notations are used:
3×3 is the orientation matrix of Σ Fi with respect to Σ b , b p tool ∈ R 3 is the position vector of Σ tool with respect to
is the orientation matrix of Σ tool with respect to Σ b .
Since the contact at C i is fixed, the following constraint between the haptic fingertip position and the surgical knife position is obtained:
where tool p Ci ∈ R 3 is the position vector of C i with respect to Σ tool , and
Fi p Ci ∈ R 3 is the position vector of C i with respect to Σ Fi . Differentiating (3) yields
where b ω tool ∈ R 3 and b ω Fi ∈ R 3 are the angular velocities of the surgical knife and the i-th haptic fingertips, respectively, (p)× ∈ R 3×3 is a skew-symmetric matrix expressing the cross-product form of a vector p ∈ R 3 , and the fact that tool p Ci and Fi p Ci are constants was used in the derivation of (4). Now we define the following matrices:
where I 3×3 ∈ R 3×3 is an identity matrix. Further, the i-th haptic fingertip velocity and the joint angle velocity are related by 
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where J Fi ∈ R 6×3 is a Jacobian and q i ∈ R 3 is the joint angle vector of the i-th haptic finger.
From (4)- (7), we can obtain the following kinematics:
where
is the velocity vector of the surgical knife device,
On the other hand, from the principle of virtual work, the following relation is obtained:
6 is the total force/moment vector applied to the surgical knife device by the haptic fingers,
, and each haptic finger applies a force f ci ∈ R 3 at the contact point C i .
Performance index
In subsection 3.1, we determined that HIRO and the surgical knife device should be connected by three haptic fingers. But we did not clarify which haptic fingers should be used. Specifically, we must know the configuration (or state) of the haptic fingers in the connection and the position relations between the three contact points. To determine these from a kinematic perspective, we introduce a performance index that considers the wellknown manipulability (Yoshikawa [1985] ). Equation (8) can be rewritten as
(10) Thus, we can consider the following equation as a usual manipulability:
(11) However, if the optimal connection points are derived using w, the value of w becomes maximum (infinity) when the three connection points between HIRO and the surgical knife device form a straight line. As such, the matrix D tool is rank-deficient, and this is a singularity. We therefore cannot use w as the measure.
From the above perspective, we consider the following to be optimal: the connection points away from the singularity, and the haptic fingers are also not in the singularity configuration. And, as the performance index, we define the following:
where α, β, and γ j are the weighting coefficient of W D , W F , and the j-th joint of the haptic finger, respectively, q ij is the j-th joint angle of the i-th haptic finger, µ is the parameter to adjust an exponential function, and a ij and b ij are the lower and upper limits of the j-th joint angle of the i-th haptic finger, respectively. In W D , the matrix D tool is determined only by the positions of the three connection points, and W D itself means that if the value of W D becomes large, the positions of the connection points are away from the singularity. Further, W F is wellknown manipulability, and the manipulability of the haptic finger becomes high and the configuration of the haptic finger is away from the singularity configuration when the value of W F becomes large. Therefore, the value of W D W F corresponds to the fact that the connection points and the configurations of the haptic fingers are simultaneously away from the singularities; in addition, it contains the manipulability of the haptic fingers. Here, note that when we consider the value of W D W F only, it is possible that the connection positions and the configuration of the haptic fingers are away from the singularities but the haptic finger goes to the outside of the limit of the movable range. We therefore add the W A to the performance index, which corresponds to the limits of the joint angles of the haptic fingers.
Surgical Knife Device based on the Performance Index
Based on the performance index (12), a surgical knife device for HIRO is developed. From the results of subsection 3.1, three haptic fingers are used. For the combination of all three haptic fingers, the joint angles that maximize the value of (12) In addition, it is easy to see that the position and the orientation of the object coordinate system Σ tool are not related to the value of P I. Thus, in the derivation, Σ tool was fixed on the blade edge of the surgical knife device, and furthermore Σ tool was set on a centroid of a triangle formed by three haptic fingertips.
As a result, the value of (12) reaches a maximum when the following combination of haptic fingers are used: thumb, the index finger, and the pinky finger. Further, in this case,
−13 , and P I = 2.51×10 −13 . The joint angles in this case are shown in Table 2 .
At the development of the surgical knife device that maximizes the performance index (12), we consider the following guidelines: the device is connected the fingertip positions that maximize the value of (12), namely, the surgical knife device is connected to HIRO in which the angles of the haptic fingers are in Table 2 , HIRO and the device are connected by the passive spherical joints, the device is set to the direction which helps an operator's grasp, and the device keeps the appearance of the real surgical knife. Based on the guidelines, the surgical knife device was developed. Fig. 5 shows the developed surgical knife device that connects to HIRO. A handle of the surgical knife device is shaped to imitate the real surgical knife.
EXPERIMENT
To evaluate the developed surgical knife device, two kinds of experiments were carried out. One was to manipulate the device in free space, and the other was to manipulate it in constraint space. In each experiment, the result of the newly developed surgical knife device, which is shown in Fig. 5 , was compared with the result of the previously developed surgical knife device, which is shown in Fig. 3 .
As the control law of HIRO, the manipulability-optimized control was used. For the control, please see Endo et al. [2011] . For the experiment, the control PC used a real-time OS (ART-Linux) to guarantee a 1ms sampling time. Fig. 6 shows the responses of the previously and newly developed surgical knife devices in free space. In the figure, (a) and (b) show the responses of the force f tool of the previously and the newly developed surgical knife device, respectively. In both cases, the operator manipulated the surgical knife device like he was drawing a circle. Since the manipulation in free space was considered, the desired forces were set to zero. However, the responses of the forces show a slight force error. To consider this error quantitatively, the average value of the absolute force error was considered. The average values of the previously developed device were as follows: 0.425N for the x-axis, 0.354N for the y-axis, 0.503N for the z-axis, and a total of 0.427N . The average values of the newly developed device were as follows: 0.193N for the x-axis, 0.228N for the y-axis, 0.331N for the z-axis, and a total of 0.250N . Therefore, the responses of the newly developed device in free space were apparently improved, and the total average value of the absolute force error was reduced to 60%.
Next, the manipulation in constraint space was considered.
In the experiment, the virtual plane was made in the VR environment, as shown in Fig. 7 . When the surgical knife device touches the virtual plane, the force is presented to the operator through the surgical knife device. The presented force is calculated by the penetration depth of the blade edge of the surgical knife device, and we set the force to work only in the vertical direction (z-axis). Fig. 8 shows the experimental results in the constraint space. In the figure, (a) and (b) show the responses of the force f tool of the previously and newly developed surgical knives, while (c) shows the time response of the performance index P I, where the following parameters were used: for the previously developed surgical knife device, β = 1.0×10
−15
(this fits the largeness of W A to the largeness of W D W F ), and α, γ j , µ, a ij , b ij were same values in subsetion 3.4, and for the newly developed surgical knife device, all parameters were same values in subsection 3.4. In the figures, we only show the z-axis force because we set the desired virtual force to work only in the z-axis. First, the operator moves the device towards the virtual plane, and then the operator touches the virtual plane through the device. The average values of the absolute force error of the previously and newly developed surgical knives during the contact were 0.354N and 0.273N , respectively. Thus, the responses of the newly developed device in the constraint space were apparently improved, and the average value of the absolute force error was reduced to 77%. On the other hand, from Fig. 8 (c) , the newly developed surgical knife device kept the high value of P I, and the good operability was obtained compared to the previously developed surgical knife device.
CONCLUSION
In the present study, a surgical knife device for a multifingered haptic interface robot: HIRO was developed. To determine a certain kind of optimal connection between HIRO and the tool-type device, a performance index that considers the singularity in the kinematics was introduced. The surgical knife device was then developed based on the performance index. Then, the experimental tests were carried out. Compared with the previous version of the surgical knife device, the force errors in free space and in constraint space were reduced. This shows the highprecision force representation of our system. In this paper, we considered only a surgical knife device. However, human beings work with many tools. For example, in the medical field, there are many tools of different shapes and uses like the surgical knife, scissors, syringe, and others, so a haptic interface that can create the force sensation of many different tools is important for the virtual training system. So, in addition to the surgical knife device, we will introduce in the future a performance index and develop many other tool-type devices for the virtual training system.
